The kinetics of ferrite nucleation inside an austenite grain under strong super cooling conditions are proposed by considering dislocation lines as nucleation sites based on cluster dynamics. The elastic energies within spherical space, cylindrical space and ellipsoidal space on a dislocation line have been studied, and are recognized to be approximately proportional to the cluster radius. By applying the conventional nucleation and grain growth theory on the dislocation line, the free energy change induced by a new ferrite nuclear generation on the dislocation line has been evaluated, and the ferrite nucleation rate has been formulated by considering the deformation elastic energy. According to the proposed inner-grain nucleation theory, the ferrite nucleation phenomenon inside austenite grain can be evaluated mathematically with strong super cooling conditions.
Introduction
Regarding the ferrite transformation of austenite in a cooling procedure for carbon steels, the microstructure change is accompanied by the interstitial diffusion of carbon in the entire procedure of the nucleation and the subsequent grain growth of the new phase. Numerous investigations have been implemented on the phase transformation of carbon steels in the past century, and the classical nucleation theory can be considered as the most effective approach to the analysis of phase transformation phenomena. According to the classical nucleation theory, clusters of new phase are formed randomly in the unsteady matrix phase, and only the clusters whose size exceed a critical value can grow continuously to form new phase grains.
1)
The nucleation rate is time dependent at the beginning, and reaches a constant value after a certain incubation time. Becker and Döring 2, 3) and Turnbull and Fisher 4) formulated the kinetics of cluster formation. Russell 5) derived the incubation time and frequency factor for the case of the heterogeneous nucleation on grain boundaries. Binder and Stauffer 6) proposed a straightforward formulation for time lag evaluation, which aims to calculate the nucleation rate as being time dependent. Saito et al. 7) modified Stauffer's method by solving the Fokker-Planck equation.
To calculate the ferrite nucleation rate of deformed austenite structure, Umemoto 8) and Suehiro 9) provide a modified model by adding the strain energy of dislocations inside austenite grain to the driving force in the classical grain boundary ferrite nucleation theory. This model has been applied to analysis grain boundary nucleation phenomenon of deformed austenite structure.
Until now, almost all of the classical ferrite nucleation kinetics mentioned above have been concerned with nucleation on the austenite grain boundary. Ferrite transformation is believed to start on the interface of grains and then penetrate into the inner austenite grains. There is no doubt that the grain boundary should be the nucleation site, as the site holds high interfacial energy. It is a fact that nuclei initiated on the grain boundary are easily observed through experimentation. But by experimental research of continuous cooling in a nucleation procedure, the distance between ferrite grains after phase transformation determined on average is much smaller than the initial austenite grain size.
It shows that some nuclei should have been generated inside the grain. Considering that dislocation lines hold additional elastic energy, this location can be proposed as the inner-grain nucleation site. The elastic energy of dislocation lines have been studied in this research. The kinetics of ferrite nucleation inside an austenite grain under strong super cooling condition are proposed by consideration of dislocation lines as nucleation sites based on the cluster dynamics. By applying the conventional nucleation and grain growth theory on the dislocation line, the ferrite nucleation rate has been formulated by considering the deformation elastic energy. According to the proposed nucleation kinetics on the dislocation line, the inner-grain ferrite nucleation phenomenon can be evaluated mathematically on strong super cooling conditions.
Review of Classical Nucleation Theory
It is known that a system, which is suddenly made into a new state, will not inherit any clusters of the new phase that take local thermodynamic equilibrium. New phase clusters will be formed randomly and mature into a nucleus. Before this steady-state nucleation is achieved, concentration of clusters up to the critical nucleus size must be established by random adhesion between clusters and single atoms. The nucleation process can be defined as having two stages; the first is the incubation period for establishing the steadystate nucleation condition, and the second is the steady nucleation state. The nucleation rate during and immediately after the incubation period can be expressed by Eq. (1), as was proposed by Feder et al., 10) and used by Kanne-Dannetschek and Stauffer 11) and Saito et al. 
.(2)
Z is the Zeldovich non-equilibrium factor, and b k is the frequency factor for the homogeneous nucleation. The Zeldovich non-equilibrium factor is given by Where C n 0 is the metastable equilibrium concentration of clusters containing n solution atoms. Superscript 0 denotes the metastable equilibrium state. The solute is assumed to be the atoms that are segregated toward or diffused away from the nucleus phase. The frequency factor for homogeneous nucleation is given by Eq. (4). The steady-state nucleation rate was derived as the following equation. The steady-state nucleation rate was formulated according to classical nucleation theory. Becker 3) and Turnbull and Fisher 4) proposed the basic analytical scheme for the nucleation of condensed systems. C k 0 , the number of critical nuclei per unit volume, is given by Eq. (6). The atomic fraction of the solute is given by ĉ in the nucleus phase. Here, the concentration of clusters per unit volume is denoted by a capital C and the concentration of single atoms is denoted by a lower case c. N 0 is the total number of atoms per unit volume. DG k 0 is the Gibbs free energy of a critical nucleus. K is the Boltzmann's constant.
Russell 5) carried out a detailed investigation to calculate the frequency factor b k and the number of critical nuclei per unit volume C k 0 for several kinds of grain boundary conditions, such as 'incoherent allotrimorphs', 'coherent allotriomorphs' and 'discs'.
Kinetics of Ferrite Nucleation on Dislocation Line
Substantial crystalline defects such as vacancies and dislocations exist inside an austenite grain. A single atom vacancy can possess less crystalline elastic deformation energy compared to that of a dislocation line. Therefore, it is possible to assume that the dislocation line could be the site for ferrite nucleation inside the austenite grain if innergrain nucleation occurs, in addition to the grain boundary nucleation site. To study the ferrite transformation phenomenon inside austenite grain, classical nucleation theory is applied to formulate the ferrite nucleation rate on a dislocation line by introducing the elastic energy of the dislocation line. Figure 1 shows the schematic for the formation of ferrite nuclei along the dislocation line. The nucleation rate along the dislocation line should be expressed as the function of reaction temperature, chemical components and the decomposition time in an unsteady state-the same as the nucleation rate on the grain boundary. The transformed ferrite volume fraction can be expressed by the Avrami equation 12) if we consider the grain growth within the period of transformation. Regarding the nucleation along the dislocation line, the average ferrite nucleation rate may be proportional to dislocation density r, which expresses the total length of the dislocation line per unit volume. Then, the transformed ferrite volume fraction can be expressed by Eq. (7). 12, 13) .......... (7) r is the dislocation density that represents the density of the nucleation site, and J(tЈ) is the ferrite nucleation rate at time tЈ. V(tЈ, t) is the grain volume at time t that is generated at time tЈ.
Elastic Energy Slop of Cluster on of Dislocation
Line Regarding the formation of a nucleus on a grain bound-
ary, the free energy change of the cluster includes that released by the driving force of the phase transformation and the old grain boundary interface, as well as that consumed by the newly generated interface. However in the case of nucleation on a dislocation line, a new driving force is released by the elastic energy of dislocation, but less of that by the old grain boundary interface. Dislocation usually causes crystalline deformations, such as edge type and spiral type. The elastic energies caused by both kinds of dislocations are proportional to ln(r/r 0 ), where r and r 0 are the radius of a cylindrical space and the radius of the core of dislocation, respectively. Therefore, a simple equation such as (8) could be applied to describe the elastic energy change of the unit dislocation length when a ferrite nucleus is generated on a dislocation line. 14) ...................... (8) G is the shear modulus, b is the magnitude of the Burgers vector and n is Poisson's ratio. E dis indicates the total elastic energy of unit length, in a column space with radius r that surrounds the dislocation line as shown in Fig. 2(b) .
Along with the progress of ferrite nucleation inside austenite grain, a new grain boundary will be produced with the formation of the new cluster, and the new interface generated between the ferrite cluster and the matrix austenite requires additional energy. These energies include the elastic energies generated by crystalline defects and the strain energy accompanying the austenite-ferrite transformation, defined as austenite-ferrite interfacial energy. When the cluster is small, the free energy increases with the growth of the cluster and reaches a maximum value when the cluster reaches the critical nucleus size. This maximum value of the free energy is the main obstacle to be overcome for the ferrite nucleation. The elastic energy of dislocation released by the generation of the ferrite cluster is evaluated by the integration of elastic energy, which is expressed by Eq. (9) . In this paper, three shapes including spherical space, cylindrical space and ellipsoidal space with radius r a on the dislocation line as shown in Fig. 3(a) . The aspect rates R asp of cylindrical space (h/r) and ellipsoidal space (r a /r b ) are assumed to be 1, 2, 5 and 10 in Figs. 3(b) and 3(c) . From Fig. 3 , it is clear that an approximately linear relationship exists between elastic energy E(r) and cluster radius r as E(r)ϷWr for all nuclear shapes. This is because the elastic energy is integrated in the near region of a dislocation core. The slope W of the linear function is defined as the elastic energy slope of the dislocation line.
Free Energy of Cluster Generated on Dislocation
Line Considering the nucleus formation on a dislocation line, the free energy of the cluster on the dislocation line can be expressed as a function of cluster radius, as Eq. (10). line described in the previous section. The free energies of ferrite clusters generated on the dislocation line, the grain boundary and a normal inner-grain area are shown in Fig. 4 . The free energies of the clusters generated on those portions are evaluated by using the following equations.
DG
Grain boundary:
Inner-grain:
.............. (11) Inner-grain on dislocation line:
The elastic energy slope of dislocation line W is calculated to be Ϫ6.741ϫ10 Ϫ11 (J/cm) by assuming the core radius of the dislocation line r 0 to be b/4.
14) The austenite/ferrite (g/a) interfacial energy s ag and the austenite/austenite (g/g) interfacial energy s gg are assumed to be 200ϫ 10 Ϫ7 (J/cm 2 ). 15) The driving force for the transformation is calculated as 320 (J/mol) at the transformation temperature of 973 K for 0.2 % carbon steel. From Fig. 4 , it is evident that the normal inner-grain area is the most difficult site for the ferrite nucleation, since it has the highest activation energy for the generation of clusters. On the contrary, ferrite nucleation on both the grain boundary and the dislocation line can take place easily, as they have relatively low activation energies. Moreover, from Fig. 4 , it can be seen that the maximum free energy value necessary for the nucleation on a grain boundary is almost the same as that necessary for the nucleus formation on a dislocation line. This shows that the inner-grain nucleation on a dislocation line is as probable as the nucleation on a grain boundary at this temperature.
Factors Z, b b k , C n 0 and t t
The Zeldovich non-equilibrium factor Z and the frequency factor for homogeneous nucleation b k can be formulated from Eqs. (3) and (4), when the critical nucleus radius is known. The critical nucleus radius r* when the free energy of a cluster reaches a maximum value can be calculated by using the derivative of Eq. (10) structure are arranged in a crystalline structure and the solute atoms of carbon are filled into the interstitial sites. When ferrite transformation takes place, only the carbon atoms will move away from the ferrite nucleus. In this case, the frequency factor for homogeneous nucleation 5) can be expressed by Eq. (19).
.....(19)
Here, D g is the carbon diffusion coefficient and C g is the carbon concentration of austenite near the austenite/ferrite interface. S k is the number of solute atoms contacting the critical nucleus.
In order to calculate the number of critical nuclei per unit volume in the equilibrium state, the critical radius r* and Eq. (12) 
Geometric Constant of Cylindrical Cluster
Cylindrical ferrite clusters have more dislocation deformation energy per volume than other shapes. It can be assumed that a cluster would grow into a cylindrical shape on dislocation lines for ferrite nucleation. By defining the aspect rate R asp as the length of axis divided by radius, the X and Y can be expressed by Eqs. (22) Here, k 3 , which is also an empirical constant, can be decided by cluster geometry shape, ferrite/austenite interfacial energy and elastic energy tangent of dislocation.
Critical Driving Force for Ferrite Nucleation on
Dislocation Line Equation (33) shows mathematically that a critical driving force exists for ferrite nucleation rate calculation. When driving force DG v is large enough, there will be no solution for Eq. (32). By studying with Eq. (13), it can be understood that the critical driving force has a physical meaning of corresponding to the critical ferrite cluster radius, in which the activation energy for ferrite nucleation will dis- Figure 5 shows the free energy changes of the ferrite cluster under different driving forces corresponding to reaction temperatures. The elastic energy slope W of dislocation line is calculated to be Ϫ3.534ϫ10 Ϫ10 (J/cm) by assuming the core radius of the dislocation line r 0 to be b/4 14) and the aspect rate to be 5. The austenite/ferrite (g/a) interfacial energy s ag is assumed to be 200ϫ10 Ϫ7 (J/cm 2 ).
15) It can be seen that, if the driving force is above 410 (J/mol) the summit of free energy will disappear. Then, there will be no obstacle for ferrite cluster to mature into a nucleus, and the ferrite transformation can be recognized as a monotone grain growth procedure.
Conclusion
The ferrite nucleation rate on a dislocation line inside an austenite grain was studied by employing classical nucleation theory and cluster dynamics, and the ferrite nucleation rate has been formulated mathematically. This innergrain ferrite nucleation theory can provide a physical foundation to explain the ferrite transformation phenomenon inside austenite grain. Also, once combined with conventional grain boundary ferrite nucleation theory, the nucleation rate can be evaluated with high precision. As a result, the final ferrite grain size and volume fraction will be predicted with high accuracy through the numerical method. 
